Abstract-Reuse distance and cluster size are evaluated for cellular mobile radio systems. Rayleigh fading, log-normal shadowing, and area mean power inversely proportional to the fourth power of propagation distance are considered, using the technique of Schwartz and Yeh for determining the probability density function of the sum of several log-normal variables in order to obtain the cochannel interference probabilities. These results are used for analyzing the radio spectrum efficiency, taking also traffic intensity into consideration. Different modulation methods, namely, analog FM with 30-and 12.5-kHz channel spacing, SSB with 5-kHz spacing, and digital modulation with 25-kHz channel spacing, with adequate protection ratios, are compared. An example of the calculation of system bandwidth and cluster size is presented using this procedure.
I. INTRODUCTION
MPROVED assessment of cochannel interference in cellu-I lar systems in order to evaluate the system performance has enjoyed a high priority in mobile radio research during the last decade, e.g., [1]- [lo] . Generally, three propagation aspects are considered: random (fast) multipath fading, random (slow) shadowing, and the deterministic UHF groundwave path loss. A difficult problem arises in developing the corresponding interference model for several fading radio signals.
The probability density function (pdf) of the sum of random signals with log-normal probability distribution is required. An approximate pdf was obtained in [1]-[3] using Fenton's method [ll] , and in [lo] using Wilkinson's approach [ 121. However, both methods are unfortunately suitable for small signal variance ( U ') only, while typical values of U lie between 6 and 12 dB in mobile channels. An improved technique for approximating the probability distribution of the sum of several random variables with such high variances, based on a method by Schwartz and Yeh [12] , has recently been reviewed [13] . The present paper deals with the assessment of capacity for a mobile radio system, in terms of reuse distance, cluster size, and spectrum efficiency based on the concept of required protection ratio. Capacity is calculated by evaluating the probability of cochannel interference of a system exposed to multipath fading and shadowing, using Schwartz and Yeh's technique [12] , [13] . The motivation for this study of mobile (CW) telephony are the findings Manuscript reeeived September 19, 1989 and February 6, 1990; revised November 20, 1989 , March 26, 1990 , and October 10, 1990 . This is an expanded version of the work originally presented at the 39th IEEE Vehicular Technology Conference, San Francisco, CA, May 1989.
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in recent studies of mobile (bursty) packet systems [14] , [15] in which it was reported that Fenton's classical method is not well suited for applications in typical mobile environments with high U .
Spectrum efficiency (Es), expressed in erlangs per megahertz per square kilometers (erlang/MHz/km') is defined as the ratio of carried traffic per cell and the product of bandwidth, number of cells per cluster and cell area. Thus E, is an important parameter for assessing the frequency requirements of cellular mobile radio systems. It is necessary to consider whether several cochannel interference signals add coherently or incoherently. Coherent addition of phasors would be more appropriate, if the random phase terms of the individual interferers hardly vary during the receive period; this would seem an impractical proposition for mobile telephony. Incoherent cumulation of cochanne1 interferers in the analysis of the system performance of cellular mobile radio telephony is a more realistic assumption. However, coherent cumulation of interferers was assumed in the analysis presented in [l], [13] by considering that n Rayleigh-distributed phasors add up to one Rayleighdistribution phasor, with mean power equal to the sum of local mean interference powers [ 151, [ 191. Therefore, the corresponding pdf for the joint interference power is an exponential distribution. In the case of incoherent cumulation of interferers, with equal mean power, the pdf for the joint interference power would rather be given by the gamma distribution [ 191. Studies of the throughput of packet radio in typical mobile channels with multiple incoherent interferers [16] indicate that the coherent interference model gives more optimistic results for the spectrum efficiency than the incoherent model. This result for burst-mode systems is confirmed here for typical continuous-mode mobile radio telephony systems with multipath fading and shadowing. This paper is organized as follows. Section I1 formulates the probability of cochannel interference for uncorrelated fading signals. Section I11 describes the computational results of cochannel interference probability and reuse distance. In Section IV, the effect of cluster size, protection ratio and carried traffic on the spectrum efficiency is discussed. Section V defines the system bandwidth and computational results are presented for different modulation schemes and parameters. Section VI contains the concluding remarks.
FORMULATION OF COCHANNEL INTERFERENCE PROBABILITY
The cellular telephony concept has been described in numerous papers, e.g., [17] . In order to investigate the reuse distance and spectrum efficiency of a cellular system, it is necessary to determine the cochannel interference probability
(1) n Here Fn(n) is the probability of n cochannel interferers being active. F(CI I n) is the corresponding conditional cochannel interference probability,
where pd is the instantaneous power of the desired signal, p n is the joint interference power from n active channels, and a ,is the specified cochannel protection ratio.
The (fast) amplitude fluctuation of mobile radio signals is described by the Rayleigh density function. The pdf for the signal amplitude ri of the ith interferer, conditional on its local mean power p o i , is given by (3) ri
Po;
The corresponding pdf for the instantaneous power p i is f,;(r; I Po;) = --xp ( -'?/2Po;). 
The local mean power poi is itself a (more slowly varying) stochastic variable with the log-normal pdf Here, U: and t i = exp ( m ;) are the logarithmic variance and the area mean power of the interfering signal, respectively. The amplitude, rd, instantaneous power, pd, and local mean, Pod, of the desired signal can also be described by density functions of the forms (3)-(5), respectively, with the following substitutions:
The formulation of the conditional cochannel interference probability for three different propagation conditions is described as follows.
In the event of incoherent cumulation with equal local mean power, i.e., poi = p o , the pdf for the joint interference power p n is obtained by convolving (4) n times and given by gamma distribution [18], After integrating (8) becomes
1) Rayleigh Fading Only:
2) Log-Normal Shadowing Only: The sum of n stochastic independent log-normal variables can be well approximated by another log-normal variable 
Substituting (6) and (10) in ( 2 ) yields the conditional cochanne1 interference probability F( CZ I n ) = dp,, J,"""'
Equation (1 1 Table I gives values for A, and U,, as a function of number of interferers, n , with the initial value of m ; = 0 dB.
The conditional cochannel interference can be derived using 3) Rayleigh Fading plus Log-Normal Shadowing: In the (6) and (14) the conditional cochannel interference probability is given as
normal shadowing for coherent addition using (3)-(6).
The composite pdf for the desired signal with Rayleigh fading and log-normal shadowing is again of the form (19), with the following substitutions:
The conditional cochannel interference probability is obtained using (2), (19) , and (20) where
Fn(n) = ( : ) a : ( l -a , y n (24) a cyo = l n a .
( 1 8 ) where a, = A , / n , and A , is the carried traffic per cell.
tion in traffic analysis [*O]* Table 11 gives values for m , and 0 , as a function of the Generally, (24) appears to be the Illore accepted representsnumber of interferes, n, with the initial value of mi = 0 dB.
In order to compare the system performance in coherent and incoherent interference conditions, the conditional cochannel interference probability for the coherent case is also derived. To this end, we write the composite pdf for n interfering signals with combined Rayleigh fading and log- i.e.,
-
The signal-to-interference ratio at a receiving base station located at the cell center is 
A where y is the ground-wave propagation path-loss slope (we take y = 4), n is the number of cochannel interfering cells (here n = 6), and G,, is a correction to the area median power which is dependent on n and given by [13, eq. (S)].
ncWCS
Carried traffic can be obtained by Using (25) and (26), R, can be written as
where A is the offered traffic per cell in erlang. The blocking probability B is determined using the Erlang-B formula [20] ,
Now, the cochannel interference probability can be computed as a function of R,, for the three cases i), ii), and iii). The results are shown in Fig. 1 for U, = U, = o = 6 and 12 dB. It is confirmed from Fig. 1 that a large reuse distance is essential to avoid excessive values of cochannel interference. It is also observed that shadowing is the predominant factor in determining the reuse distance and the cochannel interference probability, in particular for large U . Typical results for cochannel interference probabilities in the event of pure log-normal shadowing with U = 6 and 12 dB, CY = 8 dB, n , = 10, and B = 0.02, are shown in Fig. 2 IV . SPECTRUM EFFICIENCY Spectrum efficiency, E,, is defined as the carried traffic per cell, A,, divided by the product of bandwidth per channel, W , number of channels per cell, n,, and cluster The cells are assumed to form a cluster of size C, located around a reference cell and repeated around each of its cochannel cells. However, the exact shape of a valid cluster need not be precisely specified The reuse distance and the number of cells per cluster are R , = (3C)"'.
(32) Fig. 3 shows plots for the cluster size and reuse distance determined using (32) and for spectrum efficiency versus reuse distance obtained using (28) and ( It can be inferred from Figs. 1 and 3 that the spectrum efficiency can be increased by accepting an increase in the cochannel interference probability; this is seen directly from Fig. 4 . The cluster size is seen to play an important role in determining the optimum spectrum efficiency for meeting a certain system requirement: a decrease in cluster size (and hence reuse distance) increases the spectrum efficiency. Referring to Fig. 1 , this is equivalent to accepting a higher cochannel interference probability. This conclusion can also be drawn from Fig. 4 , which shows the relation between interference probability and spectrum efficiency. To ascertain the difference between coherent and incoherent cumulation of interference, Table IV compares the corresponding cochannel interference probabilities for cr = 6 and 12 dB, and different reuse distances. While coherent conditions do allow smaller interference probability, Table IV shows that the difference is rather small (below 10% in the cases considered), and decreases at larger reuse distances. In the following numerical examples, we, therefore, confine ourselves to incoherent cumulation interferes.
Figs. 5 and 6 show interference probability as a function of spectrum efficiency, with protection ratio (Fig. 5 ) and the carried traffic (Fig. 6) as a parameter. Clearly, the spectrum efficiency can be increased by tolerating a lower value of protection ratio (Fig. 5) . More surprising on first sight is the increase of spectrum efficiency obtained with a lower carried traffic A,, given a fixed interference probability (Fig.  6 ). This is caused by the much stronger impact in (28) of the corresponding reduction in the necessary reuse distance R (32). Thus a higher blocking probability does not necessarily result in higher spectrum efficiency.
Figs. 7-9 compare the spectral efficiencies of the different modulation methods of interest in cellular telephony shown in Table V . The protection ratio (a) is defined as the minimum value of the wanted (camer)-to-unwanted (interference) signal ratio at the receiver input such that a specified reception 0 001 Spectrum efficiency Fig. 7 . Cochannel interference probability versus spectrum efficiency for a, = 0.5 erlang/channel, E = 0.02, S = 1 km2, and n, = 10 for combined fading and shadowing using incoherent cumulation of interference with (a) 25-kHz digital modulation with 8-dB protection ratio and U = 12 dB, (b) 12.5-lcHz FM with 12-dB protection ratio and U = 12 dB, (c) 25-kHz digital modulation with 8-dB protection ratio and u = 6 dB, (d) 12.5-kHz FM with 12-dB protection ratio and U = 6 dB. For the sake of completeness, the spectrum efficiency is also evaluated (Fig. 8) for SSB. An SSB system with a 5-kHz channel spacing suffers similar subjective effects of cochannel interference as a 25 kHz FM system under real mobile radio field conditions [27]. In both cases, a signal-to-interference ratio of the order of 16 dB is necessary to achieve a fair quality of reception. Therefore, the efficiency of SSB systems is evaluated for CY = 16 and 18 dB with a 5-kHz channel spacing. The computational results show that SSB offers the highest efficiency among the modulation techniques considered in this paper. Our efficiency ranking of these methods agree with [8] but also include for 30-kHz spaced FM (AMPS) and the digital GSM.
V. SYSTEM BANDWIDTH System bandwidth represents the total bandwidth required to serve a cluster. Thus it can be expressed as the product of the number of channels per cluster and the bandwidth per channel, i.e., Spectrum efficiency Fig. 9 . Cochannel interference probability versus spectrum efficiency for a, = 0.5 erlang/channel, E = 0.02, and nc = 10 for combined fading and shadowing using incoherent cumulation of interference with (a) 3O-kHz FM with 18 dB protection radio and U = 6 dB, (b) 25-kHz digital modulation with 8 dB protection ratio and U = 6 dB.
quality of the wanted signal is achieved at the receiver output The channel spacing in AMPS is 30 kHz, whereas in TACS a closer channel spacing of 25 kHz has been adopted. The Thus as distinct from the spectrum efficiency, the system bandwidth is an absolute measure of the frequency resources required to meet a certain traffic demand in a given area. The cluster size C and the modulation method influence the system complexity and, hence, the economic resources required to realize the cellular network and the mobile terminals. Thus a judicious trade-off between system options can be based on S,, C and the modulation parameters.
To illustrate the typical differences between cellular system options, Table VI shows spectrum efficiency, system bandwidth and cluster size for the two FM systems, one digital modulation system (DM) and two SSB systems dealt with in Figs. 7-9. The cluster size C is approximated by the nearest valid number, according to (31). The Table clearly reveals the relative merits of the different systems, in terms of frequency demands and cellular system complexity.
VI. CONCLUSIONS
Cochannel interference probabilities for mobile radio systems exposed to realistic propagation impairments have been ities, up to 89% more than suggested by the classical method.
method are optimistic. The use of Schwartz and Yeh's technique is recommended for mobile scenarios in which the variance of the shadowing lies between 6 and 12 dB. P I R. Muammar a n i S. C. Gupta, "Cochannel interference in highcapacity mobile radio systems," IEEE Trans. Commun., vol.
141 D. C. Cox, "Cochannel interference considerations in freauencv COM-30, pp. 1973 -1978 , Aug. 1982 Earlier studies of cochannel interference probability in a cellular mobile network were carried out assuming coherent cumulation of interference. Now, results are also available for the more realistic assumption of incoherent cumulation of interfering signals with independent Rayleigh fading, lognormal shadowing and UHF ground-wave path loss. Computed results show that coherent cumulation of interferers leads to somewhat lower values of cochannel interference probability, i.e., a slightly higher spectrum efficiency than with incoherent cumulation. However, for large reuse distances the differences become minute.
A detailed assessment of the spectrum efficiency and system bandwidth of general cellular systems has been given. It is confirmed that the spectrum efficiency is higher for lower protection ratio, and that a tradeoff has to be made between cluster size and cochannel interference probability to achieve the desired spectrum efficiency. In particular, it cannot be assumed that higher carried traffic (higher blocking probability) always leads to better spectral efficiencies, because of the associated increase in cluster size required to maintain a given interference probability.
In practical terms, a design trade-off will more often be between the overall system bandwidth (absolute bandwidth required to provide a certain service) and the associated network complexity (in terms of cluster size, modulation type, etc.). The approach described in this paper would assist planners and designers in obtaining a more realistic assessment of different system options, especially in the many cases where the shadowing of mobiles cannot be assumed to be moderate.
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